Fourier transform infrared (FTIR) spectroscopy and chemometric techniques were used to detect the adulteration of pomegranate juice concentrate (PJC) with grape juice concentrate (GJC). The main differences between PJC and GJC infrared spectra occurred in the 1780-1685 cm À1 region, which corresponds to C@O stretching. Principal component analysis of the spectra was used to: (1) differentiate pure PJC and GJC samples and (2) classify adulterated (containing 2-14% vol/vol GJC) and pure PJC samples. Two principal components explained 99% of the variability in each of these applications. Partial least square analysis of the spectra resulted in prediction of the GJC adulterant concentration in PJC with a correlation coefficient, R 2 , of 0.9751. Partial least square analysis of spectra could also predict % titratable acidity and total solids in PJC with correlation coefficients of 0.9114 and 0.9916, respectively. Therefore, FTIR and chemometrics provide a useful approach for authenticating pomegranate juice concentrate.
Introduction
The pomegranate (Punica granatum) is a good source of anthocyanins (delphinidin, cyanidin, and pelargonidin) and other phenolic compounds (including hydrolyzable tannins such as punicalin, pedunculagin, punicalagin, gallagic, and ellagic acid), organic acids, and antioxidant activity (Gil, Tomas-Barberan, Hess-Pierce, Holcroft, & Kader, 2000; Noda, Kaneyuki, Mori, & Packer, 2002; Poyrazoglu, Gokmen, & Artik, 2002) . Pomegranates have been found to be effective in reducing several heart risk factors, including low density lipoprotein oxidation, macrophage oxidative status, and foam cell formation, all of which are steps in atherosclerosis and heart disease (Aviram et al., 2002 (Aviram et al., , 2000 . Consuming pomegranate juice may also have cancer-chemopreventive and chemotherapeutic effects against prostate cancer in humans (Malik et al., 2005) . Increasing interest in consumption of pomegranates both in fresh and processed form could be attributed to these beneficial health effects, as a result, many food products containing pomegranates and pomegranate juice are entering the market.
Pomegranates have been classified into three varietal groups (sweet, sour-sweet, and sour) based on sensory characteristics and sugar and acid compositions (Cemeroglu, Artik, & Erbas, 1992; Melgarejo, Salazar, & Artes, 2000) . In the Southeast region of Turkey, the sour and sour-sweet varieties are mainly utilized in concentrated form. The chemical composition of pomegranates has shown significant variation based on cultivar, growing region, maturity, environmental conditions, and storage and handling practices (Cemeroglu et al., 1992; Cemeroglu, Artik, & Yunculer, 1988; Melgarejo et al., 2000; Mirdehghan & Rahemi, 2007; Unal, Velioglu, & Cemeroglu, 1995 the adulteration of pomegranate juice and pomegranate juice concentrate (PJC) with the less expensive grape juice concentrate (GJC) has become a concern. Therefore, analytical techniques are needed that are able to detect this type of adulteration, even in the presence of chemical composition variations.
Attenuated total reflection (ATR)-Fourier transform infrared (FTIR) spectroscopy techniques have potential quantitative quality control applications for food analyses. FTIR-ATR provides a simple and reproducible means of handling products in the form of liquids and pastes, the analyses are nondestructive, and the sampling takes less than 5 min. In combination with chemometric techniques, FTIR-ATR methods have been successfully used for the detection of adulteration of fruit purees, honey, and oils (Irudayaraj, Xu, & Tewari, 2003; Ozen, Weiss, & Mauer, 2003; Tay, Singh, Khrisnan, & Gore, 2002) .
The objective of this study was to evaluate the ability of FTIR-ATR methods and chemometric analyses to detect adulteration of pomegranate juice concentrate with grape juice concentrate.
Materials and methods

Preparation of juice concentrates
Seventeen commercial pomegranate juice concentrate (PJC) samples were collected from four different regions of Southeast Turkey (Sanliurfa, Gaziantep, Hatay and Adana). PJC samples were also prepared in the laboratory from fruits of various sour and sour-sweet pomegranate cultivars obtained from the Harran plain of Turkey. For each sample, 10 kg of pomegranate was washed and pressed in a manually operated packaged press. Clarification of the extracted juice was carried out according to Vardin and Fenercioglu (2003) . The juice was concentrated to the final total soluble solids concentration shown in Table 1 in a rising film evaporator (Armfield Ltd., Ringwood, UK) at 70°C under vacuum. For the preparation of GJC, grapes (Siverek type) were also pressed and the juice was concentrated under the same conditions. All juice concentrates were stored at room temperature. Intentionally adulterated samples were prepared by adding GJC into PJC at 2-14% (vol/vol).
Titratable acidity, pH, and total soluble solids measurements
Titratable acidity was determined according to the AOAC method 22.060 (AOAC, 1980) . A 2 ml aliquot of PJC or GJC was diluted with 20 ml distilled water, and then total titratable acidity was determined potentiometrically by titrating the sample with 0.1 NaOH until the pH reached 8.1. Results are expressed in terms of % citric acid. The pH of juice samples was measured with a pH meter (Fisher Sci., Denver). Total soluble solids (%) were measured by using a refractometer (Atago, Tokyo) at 24°C.
FTIR analysis
A ThermoNicolet Nexus 670 instrument (ThermoNicolet, Madison, WI) equipped with a mercury cadmium telluride A (MCTA) detector, XT-KBr beam-splitter, and OMNIC software was used to measure the spectra of the juice samples. A 0.5 ml aliquot of each sample (PJC, GJC, and adulterated samples) was placed on a multi-bounce ZnSe crystal. One hundred twenty eight scans at a resolution of 4 cm À1 were taken and averaged over the 4000-650 cm À1 region. A background was collected before each sample was analyzed then subtracted from the sample spectra prior to further analysis.
Statistical analysis
The chemometric analysis was performed with SIMCA software (version 10.5, Umetrics, Sweden). Principal component analysis (PCA) was used for the classification of the samples. PCA is a multivariate projection method designed to extract and display the systematic variation in a data matrix X. It is important to accurately determine the number of components that should be included in the model since it is linked to the difference between the degree of fit and the predictive ability. The degree of fit increases as the number of components increases, but the predictive ability does not increase after a certain model complexity. It is therefore important to reach an optimal balance between fit and predictive ability. Significant principal components of each category build the class model, which is computed after a separate scaling for each category (Kramer, 1998) . Using PCA class model, Coomans' plot is constructed for the classification and for the differentiation of mixtures from pure pomegranate juice concentrate. Partial least square (PLS) analysis was used to determine the concentration of the adulterant in PJC. The developed method was confirmed by cross-validation techniques. PLS was also used to correlate chemical analysis data (total soluble solids and titratable acidity) with spectra. PLS regression analysis relates the FTIR absorbance data of each mixture (X block) with the percentages of grape juice concentrate in that mixture (Y block).
Results and discussion
Results of the several chemical analyses for the PJC and GJC samples are displayed in Table 1 . The percent titratable acidity of PJC and GJC varied from 5.8% to 14.27% and 0.71% to 0.85%, respectively. Brix values ranged from 50.1 to 77.3 for PJC and from 66.8 to 71.2 for GJC. A previous study using single strength pomegranate juice from Turkey reported pH values between 3.29 and 3.93, titratable acidity (g/l) of 4.58-17.3, and soluble solids (%) of 16.00-19.00 (Poyrazoglu et al., 2002) . Pomegranate juices in the former Soviet Union region were found to have titratable acidity of 0.52-1.6 and total sugar content of 15.2-20.5% (Gabbasova & Abdurazakova, 1969) . Other studies (Cemeroglu et al., 1992 ) also reported on the variability of titratable acidity and total sugar contents in pomegranate juice. Therefore, the range of titratable acidity and Brix values obtained in this study were not unexpected.
FTIR spectra of PJC and GJC samples are shown in Fig. 1 . Absorption bands around 1715, 1255 and 915 cm À1 occur due to C@O stretching, C-O acid stretching, and O-H deformation of acids, respectively. C-O stretching and -OH deformation of primary, secondary, and tertiary alcohols result in peaks at 1150, 1100 and 1050 cm À1 . The absorption band around 2940 cm À1 belongs to C-H stretching. The most important difference between PJC and GJC spectra was found in the 1700-1800 cm À1 region, which corresponds to the C@O stretching mode. The spectral difference in this region was large enough to visually discriminate between pure PJC and GJC samples (e.g. all PJC samples had an absorbance peak in this region and all GJC samples had no absorbance peak). Spectra of two commercial GJC samples obtained from Western Turkey also did not have an absorbance peak in the 1700-1800 cm À1 region. PLS was used in relating FTIR spectra to chemical analysis results. A good correlation was obtained between FTIR spectra and % titratable acidity and brix values ( Fig. 2a and  b) , with R 2 values of 0.9114 and 0.9916, respectively. Because both values can be determined using the same spectra, which can also be used for the adulteration detection described later, FTIR methods could be useful for routine titratable acidity and total solids measurements.
For evaluating the usefulness of FTIR spectra for authenticating PJC, FTIR spectra (4000-650 cm À1 region) in combination with PCA class analysis were used to classify the commercial PJC samples obtained from four different regions of Southeast Turkey. A Cooman's plot (Fig. 3)   Fig. 1 . FTIR spectra of a pomegranate (black) and grape (grey) juice concentrates. was generated to visualize the residual distances of all PJC samples to each of the two PJC samples plotted against each other (Adana and Sanliurfa). Samples that form clusters on a Cooman's plot are more similar than samples with greater distances between them. PJC samples from the Gaziantep region did not form a close cluster in the Cooman's plot, but classification of samples from other regions was more successful, indicated by the closer clustering in the plot. MIR and NIR spectroscopy were also used in differentiation of apple juice according to their varieties and heat treatment applied, and the degree of classification success depended on the variety of apple as it was observed in this study (Reid, Woodcock, O'Donnell, Kelly, & Downey, 2005) . A Cooman's plot generated from PJC and GJC spectra is shown in Fig. 4 . Discrimination using the 1780-1685 cm À1 region, corresponding to the largest observed spectral differences between PJC and GJC in Fig. 1 , was relatively better compared to models developed using the 4000-650 cm À1 region. All of the GJC samples were correctly accepted by their class, located in the lower right quadrant of the plot, but several of the PJC samples were outside of their class. However, there is a large distance between PJC and GJC samples, and this is an indication of a successful discrimination. Because two commercial samples of GJC obtained from a different geographical location had similar spectra to the Siverek type of grape, e.g. no absorbance peak in the 1700-1800 cm À1 region, the model developed could have broad application in differentiating PJC and GJC.
After the successful discrimination of PJC from GJC (Fig. 4) , PCA class models were also developed for adulterated and pure PJC samples. Again full spectra and only the 1780-1685 cm À1 region were used for classification. Similar results were obtained using these regions. The adulterated PJC samples, containing 2-14% vol/vol GJC, were clustered close to the origin of the general PCA score plot (Fig. 5) . Although the adulterated samples fall in the common region on the Cooman's plot, there is still some separation of adulterated and pure samples. Two principal components were used in PCA class models and R 2 values were 0.99 for both class model.
After the classification of adulterated and pure samples, the adulterant GJC concentration (2-14% vol/vol) in the pure PJC sample was quantified using PLS analysis. The correlation coefficient of the developed model to predict the adulterant concentration was 0.9751. A diagnostic cross-validation tool was used to determine the validity of the prediction model. The cross-validation was performed by taking one sample out at a time and predicting the concentration of the removed data point. The cross-validation had a reasonable R 2 value of 0.9597. For PJC and GJC differentiation, two principal components explained 99% of the variability. Likewise, for adulterated PJC classification, two principal components explained 99% of variability.
Traditional chemical analysis techniques such as highperformance liquid chromatography (HPLC) and gas chromatography (GC) as well as newer techniques such as polymerase chain reaction based assays have also been successfully used to determine the authenticity of various fruit juices (Catillo, Caja, & Herraiz, 2003; Hammond, 2001; Low, McLaughlin, Hofsommer, & Hammond, 1999; Mooney, Chappell, & Knight, 2006; Pan, Kilmartin, Smith, & Melton, 2002) . Success of these methods depends on the presence of specific markers that might be present in either adulterant or pure juice. Therefore, arduous extraction steps might be required. IR spectroscopy is a good Fig. 4 . Cooman's plot showing discrimination of pure PJC and GJC samples. The PCA was conducted using the 1780-1685 cm À1 FTIR spectral region.
alternative to provide a rapid classification of PJC and GJC. If a sample deviated from the expected spectra for PJC, further analysis could be conducted to identify the type of adulterant present. In conclusion, the FTIR method used in combination with chemometrics provides a promising approach for detecting the adulteration of pomegranate juice concentrate with grape juice concentrate.
